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Abstract
The base flow in parts of Chevelon and Clear Creeks and of the Little Colorado River near Blue Spring in northeastern Arizona is sustained by discharge from the C aquifer, and in some reaches supports threatened and endangered fish species. C aquifer water is proposed as a replacement supply to relieve pumping from the N aquifer-the current source of water for a coal slurry pipeline used to transport coal mined from Black Mesa to Laughlin, Nevada. Locations of the proposed withdrawals are in the area of Leupp, Arizona, about 25 miles from a perennial reach of lower Clear Creek. A simulation tool was needed to determine possible effects of the proposed withdrawals from the C aquifer, particularly the effects of depletion of streamflow in Clear Creek, Chevelon Creek, and the Little Colorado River in the area of Blue Spring. A numerical ground-water change model was developed for this purpose. The model uses the U.S. Geological Survey finite-difference model code MODFLOW-2000 and data sets representing key features of the C aquifer to simulate change in the system that would result from withdrawing water at proposed locations. Aquifer thickness was estimated from a hydrogeologic framework model, and values of aquifer properties such as hydraulic conductivity and specific yield were estimated from aquifer-test
Introduction
The C aquifer underlies much of northeastern Arizona, and parts of northwestern New Mexico ( fig. 1) , and is an important source of water for many users. It is named for the primary water-bearing rock unit of the aquifer, the Coconino Sandstone. The aquifer is the most productive aquifer in the Little Colorado River Basin. Industrial users, individual homeowners, agriculture, and the municipalities of Flagstaff, Holbrook, Leupp, Show Low, St. Johns, Joseph City, Snowflake, Taylor, and Winslow, Arizona, depend upon water drawn from wells completed in the aquifer. Because the aquifer lies beneath the Navajo and Hopi Indian Reservations, it represents an important present and future source of water to support these native peoples and their economies.
Water from the C aquifer is proposed as a replacement supply for mine-related withdrawals from the N aquifer-the current source of water for a coal slurry pipeline used to transport coal mined from Black Mesa to the Mojave Generating Station, an electrical power plant in Laughlin, Nevada. Water from the N aquifer generally is of good quality. Replacement of the supply by poorer quality from the C aquifer would reduce industrial use of the N aquifer water, a current supply for tribal communities. The proposed area of withdrawals for replacement water from the C aquifer is near Leupp, Arizona. A pipline would be required to transport the water to the coal mine on Black Mesa. Along with withdrawals for the mine, withdrawals also are proposed for Hopi and Navajo water supply.
The base flow of parts of some streams, including Chevelon and Clear Creeks, and of the Little Colorado River is sustained by discharge from the C aquifer, and in some cases, these streams support threatened and endangered fish species. The C aquifer discharges into the Verde River and Salt River Basins to the south, and to underlying formations and ultimately to the lower Little Colorado River to the northwest ( fig. 1 ). Blue Spring, about 13 river miles (mi) upstream from the mouth of the Little Colorado River, is the largest of many springs that discharge in the lower reach of the river. 
Purpose and Scope
In 2004, the U.S. Geological Survey (USGS), in cooperation with the Bureau of Reclamation, was requested to participate on a Federal team to evaluate potential effects of future ground-water withdrawal scenarios from the C aquifer on base flow in the Chevelon and Clear Creek drainages, and groundwater discharge to the Little Colorado River in the area of Blue Spring. USGS participation on the Federal team involved assisting with test drilling and associated aquifer testing in the Leupp, Arizona, area (Hoffmann and others, in press) and with development of a numerical ground-water model of the C aquifer, discussed in this report.
The purpose of this report is to describe results of an analysis of pumping effects on base flow using a numerical ground-water model. The model was used to evaluate the effect of pumping on base flows of Chevelon and Clear Creeks and on ground-water discharge to the Little Colorado River near Blue Spring area for specified withdrawals and periods. Evaluations were carried out using two scenarios of withdrawals provided by a technical advisory group (Craig Sommers, Economist, ERO Resources Corporation, Denver, Colorado, written commun., 2005) . Results are limited to calculated stream depletions and drawdown values.
Previous Investigations
Parts of the C aquifer have been investigated to evaluate water availability for local water supply. Peter Mock Groundwater Consulting, Inc. (2003) constructed a ground-water flow model of a 2,400-mi 2 rectangular part of the C aquifer encompassing Clear and Chevelon Creeks south and east of Leupp, Arizona. The ground-water flow model was used to estimate the changes in ground-water levels near the proposed well fields, at other existing and proposed water demand centers, and in base flow of Clear and Chevelon Creeks. Boundary conditions for this local-scale model were derived using a regional analytical model (Southwest Ground-water Consultants, Inc., 2003) . The analytical model used the Theis nonequilibrium equation with the Jacob water-table correction, with a transmissivity of 25,000 (gal/d)/ft (3,300 ft 2 /d) and a specific yield of 0.07. Two recent studies have attempted to characterize the aquifer on a regional scale or over its full extent. In the area of Flagstaff, Arizona, the C aquifer was investigated by Bills and others (2000) . This study included extensive structural mapping, geophysical surveying and mapping, determination of hydraulic properties, and chemical and isotopic analysis of ground water. A ground-water budget and a generalized characterization of the geohydrology of the entire C aquifer were developed by Hart and others (2002) . Several other reports provide information on water resources in the study area including the C aquifer. Cooley and others (1969) describe the hydrogeology of the Navajo and Hopi Reservations and McGavock and others (1986) , Mann and Nemecek (1983), and Mann (1976) describe water resources in southern parts of Coconino, Navajo, and Apache Counties, respectively.
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Physiographic and Hydrogeologic Setting
The Little Colorado River Basin is in the southern part of the Colorado Plateau physiographic province (Fenneman, 1946) . The Little Colorado River drains an area of about 27,000 mi 2 of northeastern Arizona and northwestern New Mexico ( fig.  1) . Elevations in the basin range from about 2,700 ft near the mouth of the Little Colorado River to 12,633 ft near Flagstaff. Average annual precipitation ranges from less than 6 in. in the lower areas to more than 30 in. in the highest elevations. Total annual average precipitation within the basin is estimated to be approximately 17,000,000 acre-ft. Potential evapotranspiration is estimated to range from less than 30 in./yr to more than 60 in./yr (Hart and others, 2002) .
Boundary of the C Aquifer
The southern and southwestern boundary of the C aquifer extends south of the Little Colorado River Basin into the Verde River and Salt River Basins where rocks of the C aquifer are exposed along the Mogollon Rim ( fig. 1) . The northeastern boundary of the aquifer extends into New Mexico where the aquifer thins substantially (Hart and others, 2002) . Few waterlevel and geologic data are available; therefore, the boundary is uncertain in these locations. The western boundary of the C aquifer is west of the Little Colorado River where the aquifer is unsaturated. Rocks of the C aquifer crop out in the southern and southwestern areas along the Mogollon Rim, in the northeastern area near the Defiance Uplift, and in the western area near the Little Colorado River ( fig. 1 ).
Geologic Structure
The dominant structural feature within the C-aquifer area is the Black Mesa Basin, located in the north central part of the study area. The C aquifer generally dips toward the center of the basin from its outcrops along the margins of the study area. In the center of the Black Mesa Basin the aquifer is buried beneath nearly 5,000 ft of overlying geologic units (Southwest Groundwater Consultants, Inc., 2003; fig. 2) The Defiance Uplift is near the eastern edge of the C aquifer. Monoclines on either side of the uplift plunge to the west and east in the Black Mesa and San Juan Basins. Several regional-scale normal faults exist in the area and generally have two principal strike directions: north-northeast and north-northwest (Bills and others, 2000) .
Geologic Units of the C Aquifer
The C aquifer comprises a sequence of sedimentary rock units between the top of the Kaibab Formation, which may underlie the Shinarump Member of the Chinle Formation or Moenkopi Formation, and the middle to upper part of the Supai Group ( fig. 2 ; Cooley and others, 1969 (Bills and others, 2000) .
The Kaibab Formation is primarily a limestone with a thickness of as much as 650 ft. It is absent in the eastern and northern part of Little Colorado River Basin. The Toroweap Formation underlies the Kaibab Formation and comprises carbonate sandstone, red beds, silty sandstone, siltstone, limestone, and thin layers of gypsum. Similar to the Kaibab Formation, the Toroweap is absent in the eastern and northern parts of the Little Colorado River Basin.
The Coconino Sandstone is a white to tan to light brown, crossbedded, eolian, fine-grained quartz sandstone. This unit generally is 300 to 1,100 ft thick (Bills and others, 2000) . It can be extensively fractured where faulted. These fractured zones are likely to be areas of high permeability.
The Schnebly Hill Formation comprises a sequence of reddish-brown to reddish-orange very fine to silty sandstone, mudstone, limestone, and dolomite (Blakey, 1990) . The formation ranges in thickness from a few feet to as much as 800 ft and generally underlies the Coconino Sandstone; however, the contact between the two units can be gradational and intertonguing. Where saturated, the Schnebly Hill Formation is in hydraulic connection with the Coconino Sandstone.
The Supai Group was divided into the Upper, Middle, and Lower Supai Formations by Blakey (1990) . The Upper Supai Formation is a complex series of horizontally bedded reddish to brown sedimentary units that are mostly fine-grained sandstone, siltstone, and mudstone. The Middle Supai Formation is a grayish-orange, calcareous, very fine grained sandstone to siltstone. The Lower Supai Formation is a red to purple sandstone and siltstone and gray limestone and dolomite. The Supai Group is typically 600 to 2,400 ft thick and is exposed in the southern and southwestern part of the study area. Where saturated, the Upper Supai Formation is the most permeable unit in the group. The Lower Supai Formation typically forms a confining unit that separates the C aquifer from underlying saturated units. 
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Aquifer Properties
Aquifer tests results reported for these sedimentary units in the vicinity of Flagstaff indicate a significant variability in rock fracturing leading to a range of transmissivities, hydraulic conductivities, and storage coefficients (Bills and others, 2000; Hoffmann and others, in press Bills and others (2000) , Southwest Ground-water Consultants, Inc. (2003) compiled aquifer-parameter estimates of the C aquifer from multiple sources. These sources indicate a large variation in transmissivity estimates (1 to 13,000 ft 2 /d). The large variance is attributed to factors such as degree of fracturing and differences in the penetration depths of wells used for aquifer tests. Many of the wells were designed to meet small demands for water and therefore were drilled to a depth where the required yield could be obtained. In many cases these wells penetrate only a part of the total aquifer thickness, resulting in an underestimate of transmissivity. In addition to transmissivity, Southwest Ground-water Consultants, Inc. (2003) compiled estimates of hydraulic conductivity values from tests in the C aquifer ( fig. 3) .
In confined parts of the aquifer, the storage coefficient [dimensionless] is related to the compressibility of the rock matrix and water. In terms used by ground-water hydrologists, the storage coefficient, S, can be computed as where b [length] is aquifer thickness, and S s [length -1 ] is total specific storage, which is the sum of S sw and S sk , the components of specific storage due to compressibility of water and the aquifer skeleton, respectively. Values of S s can be estimated from well-designed aquifer tests and also from properties of water and rocks.
In unconfined parts of the area, the most important storage property is specific yield [dimensionless] , which is a measure of the relative amount of water draining or filling pore spaces when the height of the water table changes. According to Bills and others (2000) , the average of eight specific yield estimates derived from aquifer tests in the Flagstaff area was 0.077.
Several investigators (Mann, 1976; Daniel, 1981; Mann and Nemecek, 1983) have delineated areas where the C aquifer is confined and unconfined ( fig. 3 ). For analyses of effects of withdrawal of water from the C aquifer, specific-yield values must be applied in areas where the aquifer is unconfined and storage coefficient values must be applied where the aquifer is confined. According to data compiled by Southwest Groundwater Consultants, Inc. (2003), the Coconino Sandstone responds to pumping as an unconfined or semiconfined aquifer, with storage properties of 0.07 for specific yield and 1 × 10 -4 for the confined storage coefficient; however, there are few values of confined storage coefficient reported.
Ground-Water Flow and Discharge
Ground water flows from areas of recharge to areas of discharge. In the C aquifer, recharge occurs primarily in the southern part of the study area in the highlands north the Mogollon Rim, including the San Francisco volcanic field in the Flagstaff area, and on the Defiance Uplift in the eastern part of the area. From the recharge areas along the Mogollon Rim, some water flows to drainage basins south of the rim and some water flows northward, within the Little Colorado River drainage, ultimately toward the Blue Spring area. Ground water generally is unconfined in the southern and western parts of the aquifer ( fig. 3) where the water table is below the elevation of the bottom of the Moenkopi Formation ( fig. 2) . The Moenkopi Formation comprises red to dark-red to reddish-brown siltstone, silty sandstone, fine-to very fine-grained sandstone, mudstone, and gypsum and is a confining layer in the north and east parts of the aquifer.
The primary discharge for the C aquifer in the Little Colorado River Basin is through a series of springs in the lower reaches of the Little Colorado River (Hart and others, 2002) . The main spring is Blue Spring, which issues from solution channels in the Redwall-Muav aquifer in the lower reach of the Little Colorado River, about 13 mi upstream of the mouth of the river. The springs sometimes are collectively referred to as "Blue Springs." Discharge from Blue Spring and other springs in the area is estimated to be approximately 164,000 acre-ft/ yr (Hart and others, 2002) . All this discharge is thought to be downward leakage from the C aquifer because the RedwallMuav aquifer is deeply buried and does not crop out within the Little Colorado River Basin. An interpretation of the flow system is that water moves downward through the Supai Group through a series of normal faults (Cooley and others, 1969; Hart and others, 2002) . Modified from Mann, 1976 Modified from Mann and Nemecek, 1983 Modified from Daniel, 1981 Estimated 2 The Redwall-Muav aquifer comprises the Redwall and Muav Limestones, the Martin Formation, and other Devonian rock units, where present. The Redwall Limestone is a lightgray to gray aphanitic to coarsely crystalline bedded limestone. Some beds within the formation are fractured, and the limestone typically contains solution cavities and caverns, some of which have collapsed. The Muav Limestone is a dolomitic limestone. Thickness of the Redwall-Muav aquifer ranges from about 200 to more than 500 ft in the study area.
Ground water from the C aquifer also has historically discharged along or adjacent to various reaches of the Little Colorado River and its tributaries. The two tributary reaches of greatest interest for this study are the lower reaches of Clear and Chevelon Creeks. USGS streamflow-gaging stations were operated from 1906 to 1982 at Clear Creek near Winslow and from 1906 to 1972 at Chevelon Creek near Winslow. Few recent base-flow measurements exist along these creeks; however, measurements made in the summer of 2005 indicate baseflow values of about 5.6 and 2.7 ft 3 /s (a combined total of about 6,000 acre-ft/yr) in the lower reaches of Clear and Chevelon Creeks, respectively.
Simulation Approach and Methods
Ground-water models can be valuable tools for understanding the possible responses of aquifers to stresses such as withdrawal of water by wells. One approach to simulating the effects of withdrawal is to construct a numerical groundwater flow model with a program such as MODFLOW-2000 (Harbaugh and others, 2000) . In this approach, a ground-water flow equation with head as the dependent variable is solved. Flow into and out of the aquifer system is simulated, and the computed distribution of head can be compared with observations of head in wells. A simpler approach is to simulate changes in head in an aquifer. This approach is most common with analytical models, such as the Theis (1935) equation, in which change in head or drawdown is the dependent variable. If the aquifer-system response is linear, then the principle of superposition applies and simulation of changes can be referred to as "superposition modeling." A problem with application of analytical superposition approaches (such as the Theis equation) for large-scale systems is that complex aquifer geometry and heterogeneous aquifer thickness and hydraulic properties cannot be simulated. For these situations, however, a superposition approach can be used with a numerical model program such as MODFLOW-2000. For details on the principle of superposition as used in ground-water hydrology, see Reilly and others (1987) . For systems with nonlinearities such as transmissivity that changes as a function of head, the principle of superposition does not strictly apply.
Using a code such as MODFLOW-2000, a model can be set up to simulate changes in head in the aquifer and changes in flow to or from boundaries, while accounting for nonlinearities such as variable transmissivity. For the approach, referred to as "change modeling" here, the initial water surface (head) is set to a uniform elevation, referenced to an arbitrary datum. The head at all head-dependent boundary features is set to the same elevation and no recharge or discharge is specified so that no flow into or out of the aquifer or within the aquifer occurs in the initial state. Imposing a stress such as withdrawal of water by a well has the effect of propagating head changes into the surrounding model domain. In time, the effects can cause head changes in model cells containing surface-water boundaries. In response to that change in head, change in flow to or from the boundary is calculated.
In theory, any uniform initial head value could be used; however, numerical precision of calculations made with the model will be greatest when an initial elevation of 0.0 ft is used. This value also should be used for head in surface-water boundaries. To correctly simulate the aquifer thickness, the bottom of the aquifer must be set to an elevation equal to the initial head minus aquifer thickness. With an initial head of 0.0 ft, an estimated aquifer thickness of 520 ft would result in a bottom elevation of −520 ft. If at sometime during the simulation a head decline of 40 ft was computed in the change model for that location, the elevation of head in the model would be −40 ft and the saturated thickness would be updated automatically in MODFLOW to 480 ft and used in calculations of conductance between model cells.
The purpose for developing the change model described here was to estimate likely rates of capture of flow in selected streams as a result of proposed withdrawals of ground water in the area of Leupp, Arizona. Because of the short time frame provided for development of a simulation tool, a generalized simulation approach was used. Some key aspects of the approach are as follows:
1. The horizontal domain of the model is represented with a grid of cells that covers most of the C aquifer, using distant lateral boundaries so that computed effects in the area of interest will not be affected by uncertainties in the assignment of types and locations of boundaries.
2. The vertical domain of the model includes a single layer to represent the saturated part of the C aquifer, primarily the Coconino Sandstone. In the western part of the modeled area, the C aquifer is dry and the single layer represents the RedwallMuav aquifer that receives and transmits water flowing out of the C aquifer. No attempt is made to simulate the continuum of flow from the C aquifer to the underlying rock units with a configuration other than a single model layer.
3. The system is treated as a regional, nearly homogeneous porous media. No attempt is made to account for the effects of fractures and small-scale heterogeneities in aquifer properties.
4. Key perennial stream reaches are assumed to be hydraulically connected to the C aquifer.
5. Attempts to calibrate the change model are limited. Instead, reasonable average aquifer properties are used. 6. The model considers the effects of the proposed withdrawals near Leupp. Effects from other pumping in the regional aquifer are not considered. Scenarios for withdrawal provided by a technical team include 51 years of withdrawals at various rates and locations within a well field, followed by 50 years of no withdrawals.
Further details of the simulations are included in the following sections.
Summary of Numerical Ground-Water Change Model
The numerical code used to simulate changes in water levels in the C aquifer and ground water flow at the head-dependant boundaries is the Modular Three-Dimensional Finite Difference Ground-Water Flow Model (MODFLOW-2000) developed by the USGS (McDonald and Harbaugh, 1988; McDonald and Harbaugh, 1996; Harbaugh and others, 2000) . Some of the Redwall-Muav aquifer in the western part of the domain also is included to form a single continuous transmissive system that extends to the major discharge area at and near Blue Spring.
Model Discretization and Boundary
The active model domain encompasses an area of about 32,150 mi 2 , which includes much of the C aquifer beneath the Colorado Plateau and parts of the Redwall-Muav aquifer near Blue Spring (fig. 3) . The model uses a uniform grid spacing of 0.5 mi with 358 rows and 538 columns of finite difference cells. The model uses one layer; therefore, the model has a total of 192,604 cells. There are 128,609 active cells, which represent areas where the C aquifer is saturated and part of the RedwallMuav aquifer near Blue Spring. The corner of the grid at row 1, column 1 is at Universal Transverse Mercator (UTM) zone 12 easting 518,610.25 meters, northing 4,155,142.5 meters.
The grid is rotated 45 degrees clockwise so that columns increment in a southeasterly direction and rows increment in a southwesterly direction. This rotation angle corresponds approximately with direction of regional geologic structure.
The lateral boundary of the active area of the model shown on figure 4 is represented as a no-flow boundary. Individual segments of the boundary generally coincide with features as follows: The boundary segment E to F along the Colorado River is likely to have some hydraulic connection with the ground-water system yet is represented as a no-flow boundary. This representation of a boundary type, along with treatment of divides as immoveable no-flow boundaries, must be done with care in a model. In this case, the boundaries are at such great distances from the proposed withdrawals near Leupp that incorrect locations or boundary types will not affect computed results of capture in stream reaches of interest within the time frames used for the simulations.
The vertical domain of the model was simulated with one model layer. The system simulated includes the C aquifer and underlying aquifers in the western part of the area where the C aquifer is dry. For parts of the study area where the Coconino Sandstone has a substantial saturated thickness, most of the transmissivity of the C aquifer can be attributed to the Coconino Sandstone. Aquifer tests done in the C aquifer in the vicinity of Leupp, Arizona (Hoffmann and others, in press) , indicate that the hydraulic conductivity of the Coconino Sandstone can be three orders of magnitude greater than that of the most permeable formation of the Supai Group, the Upper Supai Formation. 
Aquifer Thickness
A geologic framework model was used to estimate aquifer thickness throughout the area. The framework model represents three-dimensional relationships between the C aquifer, the surrounding confining units, and the water table. In the confined area, aquifer thickness is defined as the difference in elevation between the top of the Kaibab Formation or Coconino Sandstone and the top of the Supai Group. In the unconfined area, aquifer thickness is defined as the difference in elevation between the water table and the top of the Supai Group. The framework model was constructed using Dynamic Graphics, Inc. EarthVision® software. The grid consists of 358 rows and 538 columns and is rotated at 45 degrees from the horizontal, which is the same discretization and orientation of the numerical ground-water model. Thickness is calculated for coordinates that coincide with the cell centers of the numerical model.
The framework model was constrained on the basis of well logs from 795 wells throughout the study area and from elevations of stratigraphic units exposed on the Mogollon Rim and on the south rim of the Grand Canyon ( fig. 2) . Of these wells, 559 have well logs that identify elevations for the top of the C aquifer; 386 well logs have elevations for the top of the Supai Group. Geologic sections (Southwest Ground-water Consultants, Inc., 2003) and structural contours of the top of the Coconino Sandstone (Mann, 1976; Mann and Nemecek, 1983 ) also were used. Because cross-section and contour data were mostly interpolated or estimated on the basis of prior geologic judgment, these data were given less weight in the calculations of the top and bottom of the C aquifer. The piezometric surface was digitized from maps in Hart and others (2002) . Geologic faults were not included in the construction of the framework model because of a lack of data for these features. This simplification results in a continuous layer in which steep variations in thickness can occur where faults might exist. The framework model calculated some areas with thicknesses of less than 300 ft and pinch outs of the C aquifer. The thin areas and pinch outs occurred because the framework model fits smooth planes using minimum-tension gridding to represent the top and bottom of the unit-calculations for areas having sparse data could result in thinning because one or both of the surfaces was either too low or too high in elevation. A thickness of 300 ft was assumed for these areas to assure horizontal continuity of the C aquifer. The framework model was assumed to be correct in areas having large thicknesses. The thickness of the C aquifer is generally unknown in the New Mexico part of the study area, but the productive thickness of the C aquifer is reported to be about 300 ft (Cooley and others, 1969) .
The thickness of the C aquifer in the framework model varies between 300 and 2,089 ft (fig. 5) ; the average thickness of the aquifer is 390 ft. The C aquifer is dry in areas where faulting or folding has caused the Coconino Sandstone to be above the water table. Unless dry, for the purpose of this investigation, the minimum thickness applied to the aquifer is 300 ft. To the west, where the C aquifer is dry owing to drainage into the Redwall-Muav aquifer, aquifer thickness is generally held constant at about 300 ft (fig. 5) . The thickness in the extreme western part of the model is typically greater than 700 ft, whereas much of the eastern part generally has a thickness less than 500 ft. The two thickest areas include 1,600 ft or more of saturated sediments in the western and northern parts of the study area. A thickness of 300 ft was used for the middle of the basin, northwest of Holbrook. All five reaches were represented in the model using the River Package of MODFLOW-2000 and a river head elevation of 0.0 ft, the same elevation as starting head in the aquifer. With this approach, flow between a surface-water feature and an aquifer is proportional to the head difference between the surface water and ground water in the underlying model cell. The coefficient of proportionality is the riverbed conductance. In the case of the change model constructed for this study, the river package computes change in flow in response to change in head in model cells underlying stream segments represented with the River Package. The change model does not address whether the change is a decrease in existing ground-water discharge to a stream, or an increase in existing leakage from a stream to the aquifer. In either case, however, a computed change in response to ground-water withdrawal would result in a net decrease in stream base flow. For this study, the change model was not configured to limit the amount of capture that would be available from a given stream reach. The riverbed conductance parameter required for the River Package data set is not known and cannot be estimated by calibration of the change model because observations of changes in ground-water flow to or from the streams are not available. For simulations of a 51-year withdrawal scenario, reducing the value of riverbed conductance has the effect of reducing the maximum rate of computed captured streamflow and extending the period in time over which capture occurs. Increasing riverbed conductance has the converse effect. A point exists, however, for which further increases in riverbed conductance will result in no further increases in maximum capture rate. The approach taken here is conservative with respect to the potential for capturing streamflow. The conservative approach was accomplished by using relatively large riverbed conductance values so that simulations would yield possible maximum rates in maximum capture over time.
Surface-Water Features
The River Package data set for all five reaches was constructed with program RIVGRID (Leake and Claar, 1999) . This program intersects a stream trace with individual model grids and computes the length of the stream in each model cell traversed. For all stream reaches in the C aquifer change model, initial riverbed conductance was computed by using a vertical hydraulic conductivity of 1 ft/d and a riverbed thickness of 20 ft. The assumed widths used for calculating riverbed-conductance values were 10 ft for reaches 1 through 4 and 20 ft for reach 5. The elevation for converting to steady river leakage was set to −30 ft so that capture would not be limited by drawdown values that might be computed under streams in this model. With these values, RIVGRID computed initial conductance values that averaged about 1,000 ft 2 /d for reaches 1 through 4 and about 2,000 ft 
Storage Properties
The change model was constructed using the LayerProperty Flow Package of MODFLOW-2000 with the option of "convertible" layer type. With this option, changes in head can cause parts of the model to switch between confined and unconfined conditions. This option requires input of specific-yield and specific-storage values. MODFLOW-2000 uses specific yield as the storage property if head in a cell is lower than the top of an aquifer, and the product of specific storage and aquifer thickness if head is higher than the top of the aquifer. For the change model in which only drawdown (downward head changes) will be simulated, the top elevation in the unconfined area can be arbitrarily specified above the initial head of 0.0 ft. In an area that is initially confined, the top elevation must be the elevation at which the system would become unconfined when drawdown occurs. The strategy for computing top and bottom elevation arrays is outlined in figure 6 . Mann (1976) and Mann and Nemecek (1983) provide contours of the pressure head above the top of confined parts of the C aquifer in southern Navajo and Apache Counties, Arizona, respectively. These pressure heads were used to compute the "drawdown to conversion" for southern Navajo and Apache Counties. The maximum drawdown to conversion, S max on figure 6, was set at 300 ft. The shape of the surface of drawdown to conversion was extended outside of southern Apache and Navajo Counties to approximate the surface within the entire confined area (fig. 3) .
For final simulations, a value of 0.06 was used for specific yield. This was selected on the basis of aquifer tests in the Leupp area (Hoffmann and others, in press.) A value of 2×10 -6 ft -1 was used for specific storage on the basis of properties of water and estimated skeletal specific storage for sandstone.
Hydraulic Conductivity
Hydraulic conductivity in the C aquifer is highly variable. Values from individual wells are subject to local influences such as well construction and small-scale geologic features that cannot be represented in a regional flow model. On the basis of hydraulic conductivity estimates compiled by Southwest Ground-water Consultants, Inc. (2003), the four zones for hydraulic conductivity shown in figure 3 were initially selected. Preliminary sensitivity tests using the change model showed that predicted stream depletion was sensitive to the value of hydraulic conductivity in zone 1 but was much less sensitive to the values in other zones. This result is to be expected because the proposed withdrawals near Leupp as well as all but one of the stream reaches simulated are within zone 1. The value of hydraulic conductivity for zone 1 was set at 6 ft/d on the basis of specific capacity data compiled by Southwest Ground-water Consultants, Inc. (2003) and hydraulic conductivity values determined for the Coconino Sandstone and the Schnebly Hill Formation by Hoffmann and others (in press). The value of hydraulic conductivity for zones 2, 3, and 4 was set at 5 ft/d, an estimate of the average value of the property for the C aquifer. For the Monte Carlo analysis, discussed in a later section, values of hydraulic conductivity were allowed to vary in all four zones.
Transmissivity
MODFLOW-2000 computes transmissivity as the product of hydraulic conductivity and saturated thickness for each grid cell in the active flow domain. For purposes of displaying this fundamental aquifer property, the distribution of initial transmissivity values was computed from initial thickness and hydraulic conductivity for each model cell location and mapped for the model area (fig. 4) . This distribution is largely a reflection of the variations in the saturated thickness. The minimum value is 1,500 ft 2 /d, the product of the minimum thickness (300 ft) and the minimum hydraulic conductivity (5 ft/d).
Withdrawal Scenarios
Two withdrawal scenarios were simulated with the numerical change model. Both scenarios include withdrawals for the 51-year period 2010-2060 and no withdrawals for the 50-year period 2061-2110. For the period 2010-2060, multiple MODFLOW-2000 stress periods with 1-year time steps were used to represent variations in rates of withdrawals over time. A single MODFLOW-2000 stress period with fifty 1-year time steps was used to represent the recovery from 2061 to 2110. The locations of four existing wells and as many as 14 "conceptual" wells were used for both scenarios (table 1, fig. 7 ). Total withdrawals were subdivided into two use categories:
(1) project withdrawals that include mine slurry and mine domestic use, and (2) withdrawals for Hopi and Navajo Tribal use. For simulations of scenarios A and B, project withdrawals for mine slurry and mine domestic use were assumed to take place at three test wells near Leupp, Arizona, drilled in 2005, and withdrawals for tribal use were distributed among the existing Sunshine well and the conceptual well locations (table 1, fig. 7 ). Scenario A simulates a maximum withdrawal rate of about 6,500 acre-ft/yr between 2010 and 2060 ( fig. 8A ). Scenario B simulates as much as 11,500 acre-ft/yr ( fig. 8B) . Scenario A represents the minimum projected demands for the area, whereas scenario B represents the maximum projected demands for the area. For scenario A, 6,000 acre-ft/yr is withdrawn for industrial use between 2010 and 2026; the remainder (500 acre-ft/yr) is withdrawn for tribal use. Between 2026 and 2028, industrial use is reduced to a total of 505 acre-ft/yr while the tribal use is ramped up toward 6,500 acre-ft/yr ( fig. 8A) . After 2029, all pumpage is used for tribal purposes. Industrial pumpage is extracted from three wells (PW-1, PW-2, and PW-3) that are simulated in three model cells (table 1) . Tribal pumpage is extracted from seven wells (NPW-1 through NPW-7) that are simulated in seven model cells (table 1). A. Actual geometry
Ini tia l wa ter tab le The total volume withdrawn in the 51-year period is about 331,000 acre-ft for scenario A and about 464,000 acre-ft for scenario B. Because withdrawal locations are far from perennial stream reaches, depletion can occur long after withdrawals cease. This lack of immediate response occurs because recovery from shutting off withdrawals takes time to reach distant parts of the outward propagating cone of depression from the 51-year period of withdrawals. To simulate the continued depletion, each scenario therefore includes a 50-year period of no withdrawals.
Model Results
The model can make calculations of stream depletion and drawdown and display numbers with seven to eight significant digits of precision. For this discussion and the following section on the Monte Carlo analysis, most values of computed depletion of streamflow are less than 1 ft 3 /s. Numbers for computed depletion are presented to the nearest 0.01 ft 3 /s; however, this level of precision does not imply predictive accuracy to that level. Also, changes in base flow in the range of 0.01-0.1 ft 3 /s would be hard to detect in small streams without special monitoring equipment such as precision flumes. Furthermore, natural variations in base flow likely would be this amount or larger. This level, however, allows for comparison of relative amounts of computed depletion among different reaches, some of which have computed depletions in the range of hundredths of a cubic foot per second. Graphs constructed from model-calculated depletion rates use the full precision of numbers recorded in model runs. Drawdown values are presented here for 1-and 10-ft contour intervals. The change model simulates stream depletions resulting from withdrawal scenarios A and B. For this analysis, the only withdrawals simulated were at rates and locations described in the previous section. For the 101-year simulation period, the original lengths of the five perennial reaches were assumed to remain unchanged by the simulated withdrawals or by any other stresses. This has the effect of representing a conservative or "worst-case" scenario of total stream depletion because actual stream depletion from the proposed withdrawals would be reduced if perennial reaches were shortened or disappeared during the simulation period. The model was configured to accumulate computed depletions separately for each of the five reaches at 5-year intervals from the start of the simulations and at additional times of 1, 51, and 101 years from the start of the simulations.
The total stream depletion from all five reaches at the end of the 101-year simulation period is about 20,000 acre-ft for scenario A and about 26,000 acre-ft for scenario B, about 6 percent of the total volume withdrawn for each scenario. About 94 percent of the depletion therefore would occur after the 101-year period, assuming that the major discharge mechanisms are represented in the model and that the withdrawals do not induce additional recharge to the aquifer.
The time distribution of the rate of total depletion from all five stream reaches simulated indicates a gradual increase in stream capture to a maximum rate of depletion that occurs near the end of the 101-year simulation period ( fig. 9 ). Computed depletion for scenario A was 0.31 ft 3 /s at the end of the 51-year withdrawal period and increased to a maximum of about 0.45 ft 3 /s around 95 years after the start of the simulation. Computed depletion for scenario B was 0.37 ft 3 /s at the end of the 51-year withdrawal period and increased to a maximum of 0.63 ft 3 /s around 95 years after the start of the simulation.
Of the total depletion shown in figure 9 for scenarios A and B during the 101-year period, the relative amount occurring in each stream reach varies only slightly. The combined rates of depletion from upper Clear Creek, upper Chevelon Creek, and the Little Colorado River below Blue Spring increase from zero to about 3 percent of the total rate of depletion over the 101-year simulation period. The maximum computed depletion rate for any of these three reaches for scenario B is 0.015 ft 3 /s. Because of the small values of computed depletion in these three reaches, only depletion in lower Clear Creek and lower Chevelon Creek will be discussed in detail in this report.
Computed Computed rates of depletion for lower Chevelon Creek ( fig. 10 ) are 14-17 percent of the total rate. Computed depletion for scenario A in lower Chevelon Creek reaches 0.05 ft 3 /s at the end of the 51-year withdrawal period and continues to increase to a maximum of about 0.06 ft 3 /s near the end of the simulation. Computed depletion for scenario B reaches 0.06 ft 3 /s at the end of the 51-year withdrawal period and continues to increase to a maximum of about 0.09 ft 3 /s near the end of the simulation. Another use of the change model is to compute drawdown (negative change in head) in the aquifer. From the model results, time series of drawdown can be displayed for any model cell or the distribution of drawdown in the active model area can be displayed for different times in the 101-year simulation period. The model was configured to save head changes at 5-year intervals starting with 1 year and ending at 101 years. The model includes increases and decreases in withdrawals, and head change therefore could be negative (decreasing head) or positive (increasing head). For purposes of displaying drawdown in this report, all head changes were analyzed to determine the maximum drawdown at each active model cell for the 101-year period. Contours of 1 ft and 10 ft of maximum drawdown ( fig.  11) reflect some of the large-scale features represented in the model. The contours bulge noticeably into the confined area, reflecting the lower storage factor in that area. The 1-ft contour is noticeably affected by the presence of lower Clear Creek, a source of water that limits the propagation of the computed cone of depression in this area.
Monte Carlo Analysis of Model Results
An indication of possible ranges of computed future stream depletions can be determined with a Monte Carlo analysis of scenarios A and B. The general procedure for these analyses is to (1) generate N sets of model parameters by perturbing each parameter with random numbers, (2) run the model with each parameter set, resulting in N sets of predictions, and (3) compute the statistical properties of the predictions. Ideally, the N sets of parameters should be generated by using standard deviations of parameters and the covariances between parameters determined by using an automatic calibration procedure.
Such an effort was attempted for the C aquifer change model using the Ground-Water Flow (GWF), Parameter Estimation (PES), Sensitivity (SEN), and Observation (OBS) Processes of MODFLOW-2000 (Harbaugh and others, 2000; Hill and others, 2000) . For this purpose, a model was constructed to simulate changes in ground-water levels for the period 1961-2001, using five stress periods covering time periods 1961-1970, 1971-1980, 1981-1990, 1991-2000, and 2001 , respectively. Withdrawal rates and locations for the first four periods for various withdrawal centers ( fig. 12, table 2) were taken from the Western Hopi Navajo analytical model of effects of withdrawals in the C aquifer (Bill Greenslade, Southwest Ground-water Consultants, Inc., written commun., 2005.) The final stress period, year 2001, was added because of the many water levels that were measured during that year and that were potentially useful for calibration of the model. Withdrawal locations and rates were assumed to be the same as those for the previous period, 1991-2000. For the Western Hopi Navajo withdrawal data set used here, exact locations of wells withdrawing water were not known. The Western Hopi Navajo Study assumed locations for two or more wells in each center that were generally within a 2-to 3-mi radius of the locations of the withdrawal centers shown on figure 12 .
The OBS Process in the MODFLOW-2000 provides a means to enter observations for use in constructing an objective function. The PES Process uses the objective function, the sum of the squares of weighted differences between computed values and observations (weighted residuals), to select an optimum set of parameters. For a change model, potential observations could include changes in head and changes in some flow quantity (such as ground-water discharge to a stream) that occur in response to stresses such as withdrawals by wells. Flow data for the C aquifer were insufficient for use in the change model; however, ground-water databases of the USGS and Arizona Department of Water Resources contain more than 3,000 water-level measurements in wells in the C aquifer. Some of these form time series measurements for individual wells that could be used to compute head change for parts of the period of historical withdrawals from 1961-2001. The distribution of potentially useful time series of water-level change includes well locations adjacent to the Little Colorado River east of Winslow, locations in the Flagstaff area, and some scattered locations in the unconfined area south of the Little Colorado River.
The change model was configured to simulate historical changes using the same parameter zones and aquifer-thickness distribution described earlier for the change model used to compute stream depletion. The model for simulating historical change, however, includes additional stream reaches, shown on figure 12 , that may have been connected to the C aquifer during the period 1961-2001. The added streams were simulated with the River Package in the same manner described earlier for the five streams in the model used to calculate future stream depletions. In addition to the streams, two ground-water discharge areas, McDonald and Obed Meadows ( fig. 12) were added to the model. Areas were delineated from USGS topographic maps and registered with the model grid to compute meadow area in each of 12 model cells intersected. For each of those cells, conductance was calculated as the product of that area, an assumed vertical hydraulic conductivity of 1 ft/d, divided by an assumed bed thickness of 20 ft. The resulting bed conductance ranged from 1. fig. 12) show varying degrees of goodness of fit ( fig. 13 ) using the parameters described earlier for the streamflow-depletion analysis. The first of these time series is for well (A-18-15) The entire procedure for the Constrained Monte Carlo analysis is as follows:
1. Generate N sets of parameters by perturbing values of horizontal-hydraulic conductivity for four zones, specific yield in the unconfined area, specific storage in the confined area, and riverbed conductance for all reaches.
2. For each of the N sets of parameters, run the model of historical conditions and compute the value of an objective function on the basis of the observed and computed headchange values shown in figure 13 . Rank the N parameter sets from lowest to highest values of the objective function. Select the top M parameter sets on the basis of the lower objective function values.
3. Run the streamflow-depletion model simulating scenarios A and B with each of the top M parameter sets and compute the mean and standard deviation of the results of computed streamflow depletion in lower Clear and Chevelon Creeks.
The names of the seven model parameters allowed to vary in the Monte Carlo analysis are given in table 3. To generate the new parameters outlined in step 1 above, all but specific yield were log-transformed. For the log-transformed parameters, the equation for computing a perturbed value of the n th parameter, p n ′, from the base value of the parameter, p n , is where α 1 is the i th number in a series of normally distributed random numbers with a mean of 0.0 and a standard deviation of 1.0 and n is the standard deviation of the n th parameter, in log 10 space. The equation used for generating perturbed values of the untransformed parameter, specific yield (S y ), is where S y ′ ʹ is the perturbed specific yield, and ʹσ Sy is the standard deviation of specific yield. In generating the new parameters by using the above equations, values outside the upper and lower bounds given in table 3 were rejected and a new value was computed by using the next random number in the series. Values of ʹ and the upper and lower bounds in table 3 were selected on the basis of hydrologic judgment.
For the first step, 1,829 parameter sets were generated and used in the model that simulates the historical period of withdrawals as outlined in step 2. The objective function for each of these sets was computed using the head-change observations from the three time series in figure 13 . In computing the objective function, the first point in each series is the head value from which the head changes were calculated, and thus this point was not included in the objective function. The standard deviation of measurement error (input value STATdd in Hill and others, 2000) was set to 1.0 for the head-change observations for wells (A-18-14) 13abd and (A-13-20)13ddd and was set to 0.5 for the observations for well (A-18-15) 28aad. This has the effect of increasing the weights for observations in the latter series, which is needed because the head-change values there are small relative to the changes in the two other series and would otherwise not contribute much to the objective function. The resulting values of the objective function ranged from 1.063×10 3 to 7.35×10 4 . For comparison, the objective function for a simulation using the base parameter values is 2.405×10 3 . Many parameter sets resulted in lower objective-function values for these observations than the value from the base run using the parameter sets selected for the simulation of scenarios A and B. The use of the model to simulate historical changes at three sites, however, is not considered to be a rigorous calibration for selecting parameters. The process is instead a way of selecting the most reasonable parameter sets for use in the Monte Carlo analysis and of eliminating the worst sets in matching change observations at the three sites selected.
For step 3, the sets of parameters with objective functions less than 1.5 times the objective function from the base run were used. This resulted in 900 parameter sets with objective functions ranging from 1.063×10 3 to 3.604×10
3
. For each run of the streamflow-depletion model, calculated depletions in lower Clear and lower Chevelon Creeks were saved at 5-year intervals over the 101-year simulation period with additional values saved at the end of the first time step, 1 year; the end of the period of withdrawals, 51 years; and at the end of the simulation, 101 years. The saved values provide a data set for calculating basic statistics from the results for the entire simulation period. For each time interval saved, the mean and standard deviation of the 900 results were computed. The results for scenarios A and B in figure 14 show the upper and lower curves computed by adding and subtracting the standard deviation from the mean for each time interval saved. In all cases, the mean depletion from the 900 Monte Carlo runs is higher than the results for the model using the parameters selected for the depletion calculations. The first reason for the higher mean is that the model does not include a way for negative streamflow depletion to occur, and therefore the lower bound for streamflow depletion is zero. There is no corresponding bound for positive streamflow depletion, however, and the mean values from the Monte Carlo results therefore are skewed higher than the results using the standard parameters. The second reason is that the elimination of parameter sets with higher objective functions resulted in parameter distributions with median values that differ from the values of the corresponding parameters in the forward run. For example, the median of the 900 HK1 values used in the Monte Carlo analysis is 9.3 ft/d, and the value of HK1 in the forward run is 6 ft/d. The higher median HK1 value leads to a higher mean depletion rate. In computing mean minus one standard deviation, the values less than zero in the lower curves on figure 14 were truncated at zero. The upper curves (mean plus one standard deviation) are substantially larger than the depletions simulated in the forward run, but the formulation of the Monte Carlo analyses does set upper bounds for reasonable parameter values. These curves can be viewed as a general measure of uncertainty in results using these limits and assumed standard deviations of parameters. Analyses of uncertainty could be improved with additional work in estimating parameters and determining parameter correlations, as well as in data collection to improve the model. The curves of estimated depletion in figure 10 should be used as the best estimates of computed depletion using the change model documented in this report. 
Limitations of the Model
The ground-water change model of the C aquifer described in this report was designed specifically to compute the possible effects of ground-water withdrawals in an unconfined part of the aquifer near Leupp, Arizona, about 25 mi from the nearest connected surface-water feature, lower Clear Creek. Treatment of the aquifer as a porous medium with generalized aquifer properties is reasonable for this scale of simulation. This model should not be used for purposes such as evaluation of possible drawdown in and around well fields because local conditions such as flow in fractures and heterogeneities not represented in the model may be important at that scale.
The model also was not designed to evaluate the effects of existing withdrawals throughout the C aquifer on streams of interest including lower Clear and Chevelon Creeks. That purpose would require a calibrated flow model, rather than a change model. A related caution is that the model should not be used to evaluate the effects of withdrawals in areas other than near Leupp. The perimeter boundaries are distant from this area so that possible errors in placement or types of these boundaries will not affect the calculation of depletion in stream reaches of interest. This is not true, however, for an area such as Flagstaff, which is near a model boundary. Also, in the attempt to calibrate the change model, many observations near the confined-unconfined boundary could not be matched. More work would need to be done before the model could be used with confidence to evaluate the effects of withdrawals in those areas.
The two scenarios included simulations of 51 years of withdrawals followed by 50 years of no withdrawals. A key assumption was that the lengths of the perennial reaches remain the same over this period. This assumption is conservative in that the change model calculates the maximum total depletions for lower Clear and Chevelon Creeks. If combinations of the proposed withdrawals, other C-aquifer withdrawals, and extended drought were to cause the surface-water reaches to shrink or dry up, then depletion in lower Clear and Chevelon Creeks would be less than was indicated by the model. By the principle of conservation of mass, however, the total volume of outflow captured by the withdrawal scenarios would be the same-only the timing and locations of the captured outflow would vary. 
Summary and Conclusions
A ground-water change model was constructed for the purpose of evaluating possible effects of withdrawals from the C aquifer in the area of Leupp, Arizona, on connected surfacewater features including Clear Creek, Chevelon Creek, and the Little Colorado River below Blue Spring. The model was constructed using the USGS model code MODFLOW-2000. The approximate aquifer thickness was mapped and four zones were used for the distribution of hydraulic conductivity. The model includes confined and unconfined areas where storage properties are represented with values of the product of specific storage and thickness, and specific yield, respectively. A limited calibration was attempted using historical withdrawals and observed head changes. The final model, however, used values of hydraulic conductivity and other properties that were deemed representative of large zones in the aquifer.
Evaluations of possible stream depletion included evaluations of scenarios A and B, with maximum withdrawal rates of about 6,500 and 11,500 acre-ft/yr, respectively. The scenarios included a 51-year period of withdrawals followed by a 50-year period of no withdrawals. The computed volume of stream depletion for the 101-year period was about 6 percent of the ultimate volume that would occur as a result of the scenarios. For both scenarios, computed maximum depletion rates in upper Clear Creek, upper Chevelon Creek, and the Little Colorado River below Blue Spring were on the order of hundredths of a cubic foot per second; detailed time series of these results were not presented. Most of the computed depletion was in lower Clear Creek; computed rates reached about 0.4 ft 3 /s for scenario A and about 0.5 ft 3 /s for scenario B near the end of the simulation. Computed depletion in lower Chevelon Creek is less than that in lower Clear Creek because Chevelon Creek is more distant from the withdrawal locations, and drawdown reaches Clear Creek first.
A Monte Carlo analysis was carried out to compute statistical properties of streamflow depletion using a range of parameter sets. The analysis was constrained by using a change model that simulated a period of historical withdrawals from 1961 to 2001. An objective function that used observations from 3 relevant well locations was computed for each of 1,829 sets of 7 model parameters, and the 900 sets with the best objective function were used to calculate a set of streamflow depletions by using the model that simulated the proposed withdrawals for scenarios A and B. Statistical results show that the mean and mean plus and minus standard deviations are skewed to the high side because the streamflow is bounded on the low side by zero.
The change-model approach seems to be reasonable for calculating the possible effects of withdrawals near Leupp. The model is not designed or calibrated for other purposes. Evaluation of the cumulative effects of the proposed withdrawals and existing withdrawals would best be done with a calibrated ground-water flow model.
